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Calcium propionate (CP) is shown to be useful for simultaneous SO2/NO reduction in coal-fired power plants and its thermal de-
composition characteristics are measured by thermogravimetric analysis in a feasibility study into more complete reduction of 
these hazardous gases. Calcium carbonate (CC), which has been used primarily for in-furnace desulfuration, was used for com-
parison. The thermal decomposition of this organic calcium-based sorbent began at low temperature, i.e. the carboxylic radical 
was evaporated from 565 K to 759 K for CP and the corresponding mass loss percentage was 47.79%. The residual was subse-
quently decomposed to release carbon dioxide between 843 K and 1012 K. The latter phase of the process occurred more readily 
than with CC because of the loose structure of CP resulting from evaporation of the carboxylic radical in the low temperature 
zone, which could be seen directly by scanning electron microscope. The maximum mass loss rates of this phase occurred at tem-
peratures of 972 K and 1012 K for CP and CC, respectively. The Ozawa-Flynn-Wall method was used to calculate the activation 
energy during the thermal decomposition process at heating rates of 5, 7.5, 10 and 15 K/min. The result further confirmed the 
multistage characteristic of CP thermal decomposition, which could be seen in differential thermogravimetry curves. The reaction 
orders of CP in the conversion range 20%−80%, calculated using the Avrami theory were from 0.061 to 0.608, smaller than those 
of CC, which were 1.647 to 2.084. 
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Sulfur dioxide (SO2) and nitric oxide (NO) emitted from 
coal-fired power plants cause serious environmental prob-
lems and therefore many technologies for the reduction of 
these two hazardous gases have been explored [1,2]. Among 
these technologies, the wet-spray of organic calcium-based 
sorbents has the potential for simultaneous SO2 and NO 
abatement. Calcium-based sorbents [3,4], such as calcium 
magnesium acetate (CMA), calcium acetate (CA), calcium 
formate (CF), calcium benzoate (CB) and calcium propion-
ate (CP), can produce hydrocarbon fragments (CHi) and 
Ca-based compounds during pyrolysis and so can combine 
the reburning process for NO reduction and impregnation of 
Ca-based compounds into the furnace for SO2 capture. Thus, 
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investment and the running costs could be significantly re-
duced if this technology could be extended to coal fired 
power plants. Nimmo et al. [3–6] conducted laboratory- 
scale experiments with a down-fired pulverized coal com-
bustor operated at 80 kW to investigate the performance of 
the above organic sorbents for control of air-pollutant gases 
under a number of conditions, obtaining satisfactory results. 
CMA and CP have been used as the deicing agent and food 
preservative, respectively, and the recent researches showed 
these compounds could reduce both SO2 and NO. Increas-
ing interest is being shown in these environment-friendly 
calcium salts. They achieved 70%–80% NO and SO2 reduc-
tion efficiencies using wet-spray injection at a cal-
cium-to-sulfur molar ratio of about 2 and a reburning fuel 
fraction of about 12%–16%. However, this efficiency is 
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unable to meet the increasingly rigorous criteria imple-
mented by environmental protection authorities. Therefore, 
parallel measures must be taken to reduce SO2 and NO 
more completely. A detailed understanding of the thermal 
decomposition characteristics of these organic cal-
cium-based sorbents is important, because this information 
is fundamental to the estimation of their performance in 
reducing the air-pollutant gas emission. 
Thermogravimetric (TG) analysis [7–9] has been widely 
used for the preliminary assessment of the combustion/py- 
rolysis behavior of fossil fuel, biomass fuel, sewage sludge 
and other organic/inorganic compounds. From TG-DTG 
(differential thermogravimetry) curves, the initial and final 
mass loss temperatures, the maximum mass loss rate and its 
corresponding temperature can be deduced. These pieces of 
information are important in the application of TG analysis 
to industry. Although the kinetics of the thermal decompo-
sition process is also an important property of calcium 
based organic sorbents, it is not frequently studied [10]. 
Therefore, the kinetic parameters, like the reaction model, 
f(α), the pre-exponential factor, A, the activation energy, E, 
and the reaction order, n, should be calculated from the 
TG-DTG curves to understand the mechanism of the ther-
mal decomposition process in detail [11,12]. 
TG analysis may be conducted under isothermal [13] or 
non-isothermal conditions [14–16]. In early research, the iso-
thermal condition was usually performed but it would be in-
appropriate to use this if a physicochemical process reached 
its maximum reaction rate at the beginning of the transforma-
tion. Thus, the more accurate non-isothermal condition, in 
which the object is heated at a constantly increasing tem-
perature, has become the dominant one used to determine 
kinetic parameters. In other words, the mass loss percentage 
(TG signal) is recorded continuously as a function of time or 
temperature during a given temperature programming rate 
(TPR). 
Two mathematical approaches are used to calculate the 
kinetic parameters from TPR data, the model-fitting [17] and 
model-free (isoconversional) approaches [18]. In the model- 
fitting approach, the reaction model f(α) is pre-assumed and 
E, A and f(α) are calculated together but not independently. 
Consequently, the values of E and A depend significantly on 
the selection of f(α), and each pair of E and A could produce 
good linear regression for the corresponding f(α) under the 
“kinetic compensation effect”. In other words, this method 
was unable to provide a unique reaction to describe the re-
action mechanism. At the same time, the pre-assumption of 
the f(α) brings about a second problem, that the selection of 
reaction model constrains the solid-state reaction to one 
ideal form, whereas f(α) is actually made up of series of 
parallel and sequential reactions. In the model-free ap-
proach, the activation energy is calculated without assuming 
a reaction model but at least three different heating rates 
must be adopted in experiments. The activation energy is 
then calculated at different conversion values. 
The objective of this study was to investigate the thermal 
decomposition process of the organic calcium-based sorbent 
CP. Inorganic calcium carbonate (CC) was chosen for 
comparison. Considering that the dynamic investigations of 
CP have rarely been reported in previous studies, the activa-
tion energy during thermal decomposition was calculated 
using the isoconversional method of Ozawa-Flynn-Wall 
[18–20] at four different heating rates: 5, 7.5, 10 and 15 K/min. 
The reaction order was then calculated through the Avrami 
theory [13,21,22] at seven temperature points. The conclu-
sions of this study are expected to make contributions to 
industrial applications of this organic compound for the 
control of air-pollutant gases. 
1  Experimental 
The CP, produced by Feng-Rui Biochemical Corporation in 
Jiangsu Province of China, used in this research was an 
analytically pure material with a crystal water molecule 
with the formula (CH3CH2COO) 2Ca·H2O. CC, produced by 
Bai-Shi Chemical Corporation in Shandong Province of 
China, was also analytically pure but did not contain crystal 
water. Both CP and CC were sieved to 75–90 μm and then 
dried in an oven for 2 h. After these pretreatments they were 
stored in a sealed container at room temperature prior to use. 
The experiments were conducted on a TGA/SDTA851e 
thermogravimetric analyzer, produced by Mettler Toledo 
Corporation in Switzerland, connected to a water cooling 
system. The protective and reactive gas parts and the sche-
matic for the experimental system are presented in Figure 1. 
During the experiments, the thermal decomposition of CP 
and CC was carried out in the furnace of the analyzer as the 
determined temperature programming rate (TPR). Linear 
temperature heating rates of 5, 7.5, 10 and 15 K/min were 
chosen to investigate the decomposition characteristics be-
tween 298.15 and 1273.15 K. The initial sample was 
weighed to 10±0.1 mg in an aluminum oxide crucible with a 
 
Figure 1  Schematic of the experimental thermogravimetric analysis 
system. 1, N2; 2, O2; 3, flowmeter; 4, reactive gas; 5, protective gas; 6, 
TGA/SDTA851e; 7, flue gas; 8, circular cooling water; 9, sample feeder; 
10, water tank; 11, circularation pump. 
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diameter of 5 mm and depth of 5 mm to avoid any furnace 
temperature variation generated by the sample itself. Fur-
thermore, to eliminate the influence of the different sample 
weights on the result, the data deduced from the TG-DTG 
curves were normalized when dealing with values of mass 
loss and mass loss rate. The reaction atmosphere required in 
the chamber was met by mixing O2 (99.99% purity) with N2 
(99.99% purity) at an O2 to N2 volume ratio of 1:4. The gas 
flux was kept constant at 120 mL/min at atmospheric pres-
sure to minimize mass-transfer effects. The chamber carrier 
gas, N2 (99.99% purity), was fixed at a flux of 30 mL/min. 
The microstructural changes in CP before and after the 
evaporation of the carboxylic radical were analyzed with a 
scanning electron microscope (SEM) using a JSM-6610LV 
of JEOL. 
2  Results and discussion 
2.1  CP and CC thermal decomposition characteristics 
It can be seen in Figure 2 that CP and CC presented differ-
ent TG-DTG curves at a heating rate of 7.5 K/min during 
the thermal decomposition process. The mass loss rate peak 
and the corresponding temperature of the three stages for 
CP and CC are summarized in Table 1. 
Figure 2(a) shows the TG-DTG curves for the CP ther-
mal decomposition process, which can be divided into three 
stages. Before the decomposition process, there was a net 
weight gain evident in the TG-DTG curves due to the phy-
sisorption and chemisorption of oxygen and water from the 
atmosphere on the surface of the solid material [23]. The 
first mass loss stage, due to evaporation of water of crystal- 
Table 1  Mass loss rate peaks and corresponding temperatures of CP and 
CC during thermal decompositiona) 
Sample Peak1 Tem1 Peak2 Tem2 Peak3 Tem3 
CP 2.45×10-4 377 7.35×10–4 635 4.26×10–4 972 
CC – – – – 7.65×10–4 1012 
a) Peak1: first mass loss rate peak, s–1; Tem1: temperature of first mass 
loss rate peak, K; Peak2: second mass loss rate peak, s–1; Tem2: tempera-
ture of second mass loss rate peak, K; Peak3: third mass loss rate peak, s–1; 
Tem3: temperature of third mass loss rate peak, K. 
lization, occurred between 338 and 413 K, causing a mass 
loss of 8.14%. The mass loss rate peak in this stage was 
2.45×10–4 s–1 at 377 K. As the temperature increased, the 
second mass loss stage occurred between 565 and 759 K. 
During this phase, it is assumed that the organic component 
pentanone (C5H10O) was emitted from CP, with stoichiome-
try (CH3CH2COO)2Ca→CaCO3+C5H10O, because the 47.79% 
mass loss measured was very close to the ideal value of 
46.24% for this thermal decomposition reaction [6,11,24]. It 
was also shown that the mass loss rate peak of 7.35×10–4 s–1 
at 635 K in this stage was the highest of the whole decom-
position process. If temperature was increased furthermore, 
calcium carbonate would be decomposed into calcium oxide 
and carbon dioxide, CaCO3 →CaO+CO2. This stage oc-
curred mainly between 843 K and 1012 K and accounted for 
23.76% of the mass loss, for which the ideal value is 
23.65%. 
Figure 2(b) shows the TG-DTG curves for the CC ther-
mal decomposition process. These clearly differ from the 
curves for CP because of the absence of carboxylic radicals, 
showing only one mass loss stage resulting from the de-
composition of calcium carbonate into calcium oxide and 
carbon dioxide. This stage was similar to the third one in the 
CP thermal decomposition process, although thermal de-
composition of CP occurred at a lower temperature zone 
than CC, especially with respect to the rapid mass loss in-
terval. The temperatures for maximum mass loss rate in the 
third stage were 972 and 1012 K for CP and CC, respec-
tively. This result may arise from the evaporation of the 
organic radicals from CP causing the initially compact 
structure to become loose enabling the release of carbon 
dioxide from the carbonate salts. 
Based on the above description, it is concluded that the 
thermal decomposition of the organic calcium-based sorbent 
consisted essentially of two stages (disregarding the dehy-
dration stage). The first stage involved the evaporation of a 
carboxylic radical, namely pentanone, in the lower tem-
perature zone, yielding intermediate products CHi and CO 
[6,24], which could transform NO into N2. As shown in 
Figure 3(b), CP was fractured and the residual sorbent be-
came loose after the evaporation of the pentanone, which is 
 
Figure 2  TG and DTG curves for the thermal decomposition of (a) CP and (b) CC. 
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Figure 3  SEM images of CP (a) before and (b) after the evaporation of pentanone. 
clearly shown by comparison with the sample before evapo-
ration of pentanone (Figure 3(a)). Consequently, the decom-
position of the carbonate salts occurred more easily in com-
parison with CC. Thus, the residual metal oxide gained a 
bigger core diameter and specific surface area, which could 
facilitate the desulfurization process [25]. This result is in 
agreement with the literature. 
2.2  Calculation of the activation energies for the  
thermal decomposition of CP and CC 
The general kinetic equation for the heterogeneous solid- 
state thermal transformation in TPR can be described as 
[7,11–13,15,17–20,26,27] 
d d( ) ( ) exp ( ),
d d
Ek T f A f
t T RT
α αα β α⎛ ⎞= ⋅ → ⋅ = ⋅ − ⋅⎜ ⎟⎝ ⎠   (1) 
where α=(M0–Mt)/(M0–Mf) is the degree of reaction: Mt is 
the mass of the sample at time, t, and temperature, T; M0 
and Mf are the masses of the sample at the beginning and 
end of the mass loss reaction, respectively, the values of 
which can be obtained from the TG curves; k(T) is the rate 
constant described by the Arrhenius equation, namely 
k(T)=A·exp(–E/RT); A is the pre-exponential Arrhenius fac-
tor; E is the activation energy; R is the gas constant, f(α) is 
the reaction model; and β is the temperature heating rate  
(β=dT/dt=constant). 
Eq. (1) can be transformed to 






⎛ ⎞= ⋅ −⎜ ⎟⎝ ⎠             (2) 
and then integrated to give conversion, as follows: 
0 0




α α αα β
⎛ ⎞= = ⋅ −⎜ ⎟⎝ ⎠∫ ∫         (3) 
Several mathematical approaches could be used under 
non-isothermal experimental conditions to evaluate the ki-
netic parameters using the model-free method. The 
Ozawa-Flynn-Wall method [18–20], which used Dolye’s 
approximation [28] for temperature integration, is the most 
commonly used. Eq. (3) can be transformed into 
( ) 0.00484exp 1.052 .A Eg
RT
α β
⎛ ⎞= ⋅ − ⋅⎜ ⎟⎝ ⎠           (4) 
Taking the logarithm and transposing, eq.(4) can then be 
rearranged to 





⎛ ⎞= − − ⋅⎜ ⎟⎝ ⎠        (5) 
To apply the method, four different temperature heating 
rates (β), as described above, were chosen. For each value  
 
Figure 4  Curves fitted to the kinetic model proposed by the Ozawa-Flynn-Wall method for various conversion values corresponding to the thermal de-
composition of (a) CP and (b) CC at temperature heating rates of 5, 7.5, 10 and 15 K/min. 
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of α, ln(β) plotted against 1/T gave a straight line with a 
slope of –1.052 E/R and the activation energy was thereby 
obtained as a function of conversion. Seven conversion 
values from 20% to 80% in increments of 10%, were cho-
sen for each sample at every heating rate to evaluate the 
activation energy. Plots of ln(β ) versus 1/T are shown in 
Figure 4 and the corresponding slopes for each conversion, 
obtained through linear regression, are presented in Table 2. 
The correlation coefficients (R2) and the deduced activation 
energy (E) values are also presented in Table 2. 
It is shown in Table 2 that the activation energy values 
for CP displayed larger variations than those for CC. This 
behavior indicates that the thermal decomposition process 
for CP was complex, consisting of several stages, each hav-
ing different activation energies. However, the values for 
CC were essentially stable, which shows that the thermal 
decomposition process for CC was uniform over the inves-
tigated conversion range. The variations in activation en-
ergy values for CP and CC are consistent with the mecha-
nisms for CP and CC thermal decomposition described 
above. Another feature of the results is that the correlation 
coefficient values for CC were higher than those for CP. 
This also confirms that the CC thermal decomposition was 
uniform but that CP decomposed in several distinct stages, 
with interaction between them. 
2.3  Calculation of the reaction orders for the thermal 
decomposition of CP and CC 
As for the reaction order, the Avrami theory [13,21,22] was 
used in this study, as follows: 
( )1 exp ,n
k Tα β
−= −                (6) 
where α, k(T) and β are as described in eq. (1) and the ex-
ponent, n, is the reaction order. 
Taking the double logarithm and transposing, eq. (6) can 
be rearranged to yield 
ln( ln(1 )) ln ln .EA n
RT
α β− − = − −         (7) 
Plots of ln(–ln(1–α)) versus lnβ were established at the 
same temperature but at different heating rates and the slope 
value gave the reaction order. Seven temperature points 
were selected at each heating rate in the conversion range of 
20%–80% for CP and CC, as shown in Figure 5 and the 
deduced values of n are listed in Table 3. 
It can be seen from Table 3 that the reaction orders for 
CP were dependent on the extent of reaction, varying from 
0.061 to 0.608. These varying reaction order values indicate 
again that the thermal decomposition process for CP oc-
curred in several stages. However, the values for CC varied 
within the narrower range 1.647–2.084, which indicates a 
more uniform process occurred during the thermal decom-
position. The variable behavior of the reaction order is con-
sistent with behavior observed with respect to the activation 
energy and the variations in reaction orders for CP were 
smaller than those for CC over the conversion range 20% to 
80%, overall. This may be because the thermal decomposi-
tion of CP began at a low temperature with the evaporation 
of the organic component, whereas the entire process oc-  
Table 2  Slopes and correlation coefficients (R2) and activation energy (E) values corresponding to the linear regression of the curves in Figure 4 
Sample Conversion (%) Slope R2 E (kg mol–1) Sample Conversion (%) Slope R2 E (kg mol–1)
20 –43.818 0.9840 346.30 20 –25.569 0.9927 202.07 
30 –24.474 0.9806 193.42 30 –25.215 0.9956 199.28 
40 –11.169 0.9871 88.272 40 –25.138 0.9973 198.66 
50 –10.541 0.9737 83.304 50 –24.817 0.9984 196.13 
60 –13.352 0.9643 105.53 60 –24.653 0.9987 194.84 
70 –13.949 0.9703 110.24 70 –25.017 0.9988 197.71 
CP 
80 –23.939 0.9998 189.19 
CC 
80 –24.393 0.9997 192.78 
 
 
Figure 5  Fitted curves of the reaction order (n) proposed by Avrami theory to seven temperature points corresponding to the thermal decomposition of (a) 
CP and (b) CC at temperature heating rates of 5, 7.5, 10 and 15 K/min. 
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Table 3  Reaction order (n) for CP and CC at seven temperature points 
T (K) n (CP) T (K) n (CC) 
627 0.195 973 2.084 
635 0.608 984 1.736 
648 0.602 993 1.647 
672 0.532 1001 1.668 
699 0.436 1008 1.772 
767 0.061 1014 1.844 
948 0.362 1021 1.858 
 
curred over a broad temperature zone. On the other hand, 
the decomposition of CC occurred in a narrower, higher 
temperature zone. As a result, CC decomposed rapidly, 
whereas CP decomposed relatively slowly. However, it can-
not be concluded that CC was less thermally stable because 
its decomposition temperature was much higher than that of 
CP. Although the lower reaction order for CP made the de-
composition process occur over a longer period, the multi-
stage process enabled the dual SO2/NO abatement by CP. 
3  Conclusions 
Thermal decomposition of calcium carbonate and the or-
ganic calcium-based sorbent of CP were studied through 
thermogravimetric analysis and the corresponding activa-
tion energies and reaction orders were also calculated. It 
was concluded that: 
(1) The thermal decomposition of CP occurred in three 
stages. After dehydration, the second mass loss stage in-
volved the evaporation of the carboxylic radical, where 
propionate was released between 565 and 759 K. In the 
subsequent stage of CP decomposition, the release of car-
bon dioxide was facilitated by the looser structure of the 
organic material, compared with calcium carbonate, as evi-
denced by SEM images. This loose structure resulted from 
the evaporation of the carboxylic radical in the low tem-
perature zone and the corresponding temperatures of the 
third mass loss rate peaks for CP and CC were 972 K and 
1012 K, respectively.  
(2) Activation energies were calculated by the Ozawa- 
Flynn-Wall method, using isoconversional experiments 
conducted at four different heating rates 5, 7.5, 10 and 15 
K/min. Seven activation energy values were evaluated for 
CP and CC from data measured at 10% increments between 
20% and 80% conversion. The larger variation in the values 
obtained for CP indicate that a multistage of decomposition 
process occurred for the organic sorbents. At the same time, 
the reaction order was calculated using the Avrami theory 
and the corresponding values for CP and CC ranged from 
0.061 to 0.608 and from 1.647 to 2.084, respectively, over 
the conversion range 20%–80%. In addition, the reaction 
orders calculated for CP were more variable than those for 
CC at the seven temperature points, consistent with the de-
composition mechanisms deduced from the TG-DTG 
curves. Overall, the multistage CP thermal decomposition 
process enabled the simultaneous abatement of SO2 and 
NOx. 
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